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Abstract 
Macrobiofouling is a long standing problem in the electric utility industry. In the 
past, continuous chlorination schemes were used to control fouling. Unfortunately, this is quite 
expensive and requires a large dose of cholorine. Research was done on the Astoria Generating 
Station's Unit No. 5 intake. Two methods to reduce the applied chlorine close were examined; 
streamlining of the intake and staged boundary layer chlorination. 
Streamlining of the intake would eliminate dead spots in the intake, where the 
macrobiofoula:µts are most likely to attatch. Additionaly, a streamlined intake would disperse 
any injected chlorine more effciently than the as-built intake. Two modifications to the intake 
were tested; a-streamlining ramp and a false backwall. Both structures streamlined the flow, 
but the false backwall increased the vorticity. As a result the streamlining ramp can be 
recommended for installation, while additional tests are required to more precisely determine 
the influence of the false back wall on vorticity. 
The staged boundary layer chlorination method injects chlorine into the boundary 
layer of the intake flow, and not the entire volume of water, as in a convent,ional chlori11ation 
scheme. As a result, the applied chlorine dose is much smaller with staged boundary layer 
injection than it is in continuous chlorination schemes. Tests were performed to cleterrnine the 
variation of concentration with flow and distance along a flat plate. In this way, an estimate 
of the number and location of the chlorine injection stages can be obtained. Results frorn a 
sidestre~m test will determine the minimum chlorine dose. 
1 
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Chapter 1 
Introduction 
Biofouling is a long standing problem in the electric utility industry. Recent 
proliferation of exotic species such as the Asian Clam and Zebra Mussel made the problem 
worse, especialy in the Great Lakes region of the United States. ,·In some cases, the resulting 
damage has been quite dramatic. For example, in Monroe Michigan, zebra mussels clogged t.hc 
/ 
municipal water intakes to such an extent that schools arid businesses were closed, and surgeries 
postponed. (7.). Also in Monroe, mussels clogged 75% of the trash racks at the 3000MW power 
plant there. Any additional fouling would have forced the closing of the largest power pla11t i11 
Detroit Edison's system. (11 Detroit Edison now spends $500,000 a year on mussel monitoring 
and control at the Monroe plant alone. (l) As recently as two years ago, no mo11ey was 
necessary. (l) 
Although the previous examples focus on one town and a single species of mussel, they 
serve to illustrate the oftentimes catastrophic consequences of mussel infiltration. To make 
matters worse, all this happens at a time, when in all likelihood, it will become increasingly 
difficult to control mussels by continuous chlorination in large closes. Recently, the 
Environmental Protection Agency (EPA) at both the state and federal level, has proposed rr1ort• 
stringent environmental guidelines. This is compounded by the high capital costs associated 
with a continuous chlorination scheme. 
Equally expensive is shutting down plants to blast the mussels off with high pressur<· 
2 
water jets .. The costs associated with shutting down a 600MW power plant for a single clay is 
. . 
$500,000 in 1982 dollars. (12) The Energy Research Center (ERC) at Lehigh University has 
been involved m res·earch on macrobiofouling control, and has developed some new mussel 
control techniques. These techniques can be put in two broad categories; streamlining of the 
intake structure and staged boundary layer chlorination, . 
Streamlining is a well known method to control and eliminate air entrainment, vortex 
action, pressure fluctuations and flow circulation in the intake structure of a power plant. (11) 
At many power plants and municipal water intakes these fluid mechanical problerns arc 
exacerbated by bio-fouling. Fortunately, streamlining holds the promise of being as effect.i ve as 
a fouling control, as it is in controlling the intakes fluid mechanical behavior. 
Streamlining of the intake would represent a 'passive' (Q.) mussel control sysLern. 
Passive in the sense that it would rely on the natural flow characteristics of the iutake. This 
scheme is analagous to using cooling towers that use free convection for heat transfer. Contrast 
this with an active system that would rely on pumps to inject chlorine or to continually flush 
the intake with waste heat from the condenser. 
Streamlining has the potential to be an effective means of macrobiofouling control. A 
streamlined intake would contain very few, if any, areas of stagnant flow. It- is at these stagnant. 
areas where macrobiofoulants are most likely to attach themselves to the walls. As rnore ~wd 
more organisms attatch to the walls, they reduce shear stress near the wall, which allows easier 
attatchment of the biofoulants. These changes result in new stagnation areas or dead spots 
3 
,. 
being formed through-out the intake. As the new dead spots are formed, more biofoulants will 
attatch themselves to the walls. In 1time, this can produce thick layers of mussels or barnacles, 
and the final result is a reduction of flow or complete plugging of smaller pipes. 
The Astoria Electrical Generating Station is owned and operated by the Consolidated 
Edison Corporation of New York. The station is located in Astoria Queens ·and sits on the East. 
River near the Tribourough Bridge. The plant has five seperate units that can run on either 
natural gas or oil, with a total generating capacity of 1250MW. Unit No. 5 has a capacity of 
400MW. 
Unit No. 5 utilizes two circulating water pumps (CWP) and a single service water pun1p 
(SWP) to pump water from the East River. The service water pump provides water for 
auxillary systems in the plant, such as oil coolers, while the circulating water purnps provide 
water for cooling of the main condenser. The main cooling water system is 1:nore complex a11cl 
subject to more stringerit regulation than the service water system, ( 12) and inadequate fouling 
control in the main cooling water system results in greater operational penalties than fouling i11 
the service water system.(12) 
The circulating water pumps at Unit No. 5 are rated at 107,000 gpm at 17.5 feet. of 
head. (see Figure 1) The circulating water pumps draw water from the East. River int.o t.he bay 
through a series of screens. (see Figure 2) Downstream of the travelling screen, the intake bays 
depth decreases quickly until levelling off in the pump sump. The sump is elevated 11.5 feet 
above the deepest part of the bay. A dividing wall with a vortex shedder sepcrat.es the 
4 
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circulating water pump from the service water pump. The intake structure consists of four bays; 
two bays per circulating water pump. (see Figures 3 and 4) 
In order to investigate. the feasibility of a streamilined itake, an exact replica of the 
existing Unit No. 5 intake was constructed at the Energy Research Center's Fluid Mechanics 
Laboratory. The circulating water pumps are modeled by siphons. The feasibility of adding 
guide vanes, false walls and other hydraulic structures to improve the flow condipons in the 
intake was investigated in a series of tests in the water column beneath the pump intake bell. 
~\.-Laboratory experiments were also ;rformed to verify the staged boundary layer chlorine 
injection concept. 
This method of chlorine injection differs most from a typical bulk chlorination scheme 
by the amount of chorine added. A conventional chlorination scheme recquires rnixi11g large 
volumes of chlorine with water and maintaining a free chorine residual at the condenser out.let. 
(}; The amount of chlorine injected is large because much of the chlorine is consumed in the 
naturally occurmg reactions within the entire volume of water. These reactions lessen the 
effectiveness of the chlorine in controlling fouling. The new staged boundary layer Lechuiq ue, 
developed at Lehigh University's Energy Research Center, depends on the injection of chorine 
into the boundary layer, and maintaining the chlorine residual just, upstrearn of the lll'Xt. 
injection point. (see Figue 5) 
Because the chlorjne injection is staged, the distance between injection point and 
locations where the residual is maintained is short. Consequently, the tiine available for chlorine 
5 
L 
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demand is also short. As a result, there is a smaller amount of chlorine consumed in chlorine 
demand reactions as compared to the conventional chlorination schemes. Also, chlorine is only 
injected into the boundary layer, and not the entire volume of water. For these two reasons a 
much smaller dose of chlorine is needed to control macrobiofouling as compared to a 
conventional chlorination scheme.. The chlorine injected into the boundary layer will eventually 
mix with the freestream flow. Since the amount of chlorine in the boundary layer is very small 
when compared to the _freestream flow, residual chlorine concentration at the NPDES 
compliance po.int should be small as well. 
The hydraulic tests on the flat plate were performed to determine t.he spatial 
concentration of chlorine for the cases of single point injection and two point injection. Food 
coloring dye was used instead of chlorine. Concentration profiles are present.eel as functions or 
the key parameters, such as spacing of the injection points and flow rat.e. These relationships 
will permit determination of the number of injection stages and will help to est.irnat.e t.h.e 
__ .,' 
chlorine dose that needs to be applied to discourage the macrobiofoulant.s frorn at.Latching to the 
· wall. In order to determine the minimum amount of chlorine that effectively controls 
biofouling, a chlorine minimization study is needed. 
The side stream test facility, located in front of the Unit No. 5 intake, was used t.o 
determine the smallest amount of chlorine necessesary to control fouling. Water from t.he East . 
. ,
River is pumped into the constant head tank and then distributed to six test troughs lined with 
concrete fouling inserts to simulate the Unit No. 5 intake. · In each trough a different arnount. or 
6 
chlorine is injected. After several weeks, the removeabl) concrete sidewalls are examined to 
determine the a~ount of fouling. The lowest total residual oxidant(TRO) level that is found to 
• 
control fouling, will- then be maintained in the staged boundary layer injection scheme. 
) 
,.-.:· "l'll ,• 
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Chapter Z 
Theoretical Background 
Most aspects of fluid mechanics are too complicated to describe on purely a matematical 
basis. "As a result, much of the present day knowledge of fluid mechanics is the result of 
experimentation. Unfortunately, running experiments is a very time consuming process and 
,. 
usually quite expensive. A method of analysis has been constructed to insure the most accurate 
experimental results with the greatest economy of effort. The method is called dimensional 
analysis. (ll) 
Coupled with dimensional analysis is the notion of physical similarity. (ll) Often it. is 
wholly impratical to conduct tests on a full scale prototype. In light of this, models must be 
constructed, and tests to be run on these models. Obviously, experiments can not be performed 
on any model, there must be some similarity between model and prototype. In order to build 
an accurate model of the prototype, an entire system of scaling laws must be followed. (:l) Only 
after careful consideration of the scaling laws, will a model exhibit the desired characteristic of 
physical similarity. To best understand the construction of the experimental a11paratus, and the 
results and conclusions of the streamlining tests, a discussion of dimensional analysis and 
physical similarity is required. 
In general, fluid phenomena depend on a wide range of flow variables and geornet,ry. 
Dimensional analysis allows dimensionless groups of variables to be formed among the many 
flow parameters. These d.imensionless groups display, in a compact way, how the individual 
8 
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system characteristics effect the system as a whole, For example, consider the mass flow, W, 
, over a triangular weir with a signifigant approach velocity. (il) It is reasonable to expect the 
mass flow to depend on gravity (g), t'he density of the fluid (p), the velocity of the fluid (v), and 
the height of the crest over 
the weir (h). 
W=GJ(g,p,v,h) (1) 
To find the relationship experimentally would reqmre varymg one pararneter and 
holding the other three constant. With four terms, and assuming 10 tests per experirnent, it, 
would take 10,000 tests to examine all the possible variations! (1) Even if all the experirnc11ts 
could be run, there would still be the problem of cqrrelating and presenting the data. With 
dimensional analysis it can be shown that; 
(+s) =GJ( ~) pg2h2 \Jgh (2) 
In this case 10 tests could be run to yield the functional form of GJ, and the results plotted 011 a 
single graph. In general there are three ways to construct these dimensionless groups, t.he st.ep 
by step method, (il) the Rayleigh Method or the indical approach, (13) and the Buckingham Pi 
· theorem. (13) This discussion will concentrate on the first two methods only, clue to their 
inherent simplicity. 
2.1 The Step By Step Method 
9 
( 
While the Rayleigh Methoq and the Buckingham Pi theorem are the most well known 
. . -
approaches to dimensional analysis, the step by step approach is often the easiest to understand. 
Like the other methods, the step by step approach starts by · assuming that a certain 
phenomenon depends on certain characteristics. Both the phonemenom under consideration and 
the system characteristics are assigned their proper dimensions, according to the fundarnent.al 
units chosen. Fundamental units are simply those units that can be used to derive the other 
units. For example in a mechanical system the fundamental units might be mass (M), length 
,--._./ 
(L) and time (t). In this case acceleration would be represented as ~ , and the shear coefcient 
t 
of viscosity as ~. Likewise, in a thermal system, the fundamental units might be rnass (M). 
length (L), and temperture (T). After the fundamental units are chosen, each of t.he 
fundamental units are eliminated by multiplying or dividing by one of the system charnteristics. 
Each time a fundamental unit is multiplied out, the number of variables is reduced by one. 
When all the fundamental units are multiplied out, the dimesionless groups are found. (ll) 
Example: 
Given: surface waves m a deep liquid, and neglect any surface tension or viscous effect.s. 
Find: variables upon which speed of propagation of the waves depends (ll) 
Solution: It is reasonable to expect the speed of propagation ( C) of the waves to depend on; 
whe~density of fluid 
g-acceleration due to gravity 
A-wavelength 
x-amplitude 
C=~(p,g,\x) (3) 
Select mass (M), length (L), and time (t) as the fundamental units 
> [CJ=f 
[p]=~ 
- L 
10 
L [g]= t2 
(.-\]=L 
(x]=L 
Note that p is the only term to depend on mass. As a result there is no way to eliminate mass 
from the dimensionless group. Therefore, it can be concluded that p is not a variable of interest;. 
We are left with; 
In functional form; 
Eliminate the L by dividing by .-\; 
Eliminate t using J 
The final functional form; 
[CJ=t 
(g]=~ 
(.-\]=L 
[x]=L 
C=<:f(g,.,\,x) ( 4) 
[CJ- 1 I -t 
[g]- 1 X - t2 
[xJ = 1 
[{gX]= I 
[xJ=l 
[{gX] = ~(x) (5) 
At this point we could run some tests to determine the functional form of <:f. 
(Additional examples of the step by step approach are given in Appendix A) 
11 
2.2 Rayleigh's Method 
The Rayleigh method relies on the fact that any equation in engmeermg 1s 
dimensionally homogeneous. (13) An equation is dimensionaly homogeneous when the 
dimensions on the left side of the equal sign are the same as those dimensions on the right hand 
side. For example Newton's Second Law, 
F=ma (6) 
from the equation it is determined that the dimensions of force are M2. In SI units we have the Lt 
kg•m 
relation 1 Newton = 1 --2-. Dimensional homogenity makes finding the dimensionles groups s 
quite simple. 
As with the step by step approach, Rayleigh's method starts by wriLillg dowu t.lie 
equation that defines the problem. Each variable is then written in its fundamental u11it.s and 
assigned an exponent. The values of the exponents are determined by requiring the equation Lo 
be dimensionally homogenous. 
The following example illustrates this concept. 
Example 
Given: 
Find: 
Consider same scenario as the previous example, but consider surface tension effects 
Functional form for the speed of propagation ( C) 
Solution: Expect the speed of propagation, C, to depend on; 
where p-density of fluid 
. g-acceleration due to gravity 
,.\-wavelength 
x-amplitude 
u-surface tension 
C=':F(p,g),x,lT) (7) 
12 
Select mass (M), length (L), and time (t) as the fundamental units. 
Observe that in · the previous example, the dependence on density, p, had to be eliminated 
because it was the only variable containing a mass term. It can now be written, 
with k being a dimensionless unknown constant 
Rewrite the equation in terms of the dimensions 
equating the exponents for each fundamental unit: 
[M] O=a+e 
[L] 1=-3atc+d+b 
[t] -l=-2b-2e 
There are five variables but only three equations. Hence, three variables can be solved 
for in terms of the other two. Choosing what variables to solve for is not important from a 
mathematical standpoint, but it will determine how the final solution will appear. Solving for 
variables a,b,c in terms of cl and e; 
a=-e 
c=J 2e-d 
subsitute into Eq. 9 
since cl and e are unknown; 
(10) 
To see how choosing what variables to solve for determines the final form of t.he 
13 
equation solve for a,b,d in terms of c and e. 
a=-e 
b=i e 
d=i 2e-c 
since c and e are unknown; 
( ~ l ) = <I>(~, x{ ) ( 11) g2x2 pg 
From the two approaches outlined, the reader can observe that the most difficult. st.ep i:-; 
determining what variables to consider. A general guideline says to include any variable that. 
could concievably affect the dependent parameter. If a variable is incorrectly introduced, it will 
either be discarded, (as with p in Example 1), or a brief experiment will show it to have 110 
effect ont the quantity of interest. With a firm understanding of dirnensional analysis, the 
concept of physical similarity is ready to be examined. 
2.3 Physical Similarity 
According to Sharp, (13) a model of some physical sytem (the prototype) may be 
thought of as another physical system which reproduces the physcial phenomenon in such a way 
that measurements made in the model can be used, by application of appropriate scaling fact.ors, 
to predict accurately the phenomena to be expected in the prototype. Constructing a model 
with these attributes is difficult, and the focus of the present discussion. All the different types 
of similarity and several dimensionless groups of interest will be examined. 
,·· 
14 
In order for a model to work in the manner envisioned by Sharp, it must exhibit three 
types of similarity; geometric, kinematic and dynamic. (13) Geometric siniilarity requires linear 
' 
dimensions between the model and prototype to be related by a constant scale factor. 
Kinematic similarity reqmres velocitites to be similar at geometrically similar locations. 
Dynamic similarity is the most demanding criterion, and reqmres forces to be similar at. 
geometrically similar locations. (1) It should be noted that both geometric and kinematic 
similarity are necessesary but insuffcient conditions for dynamic similarity. When a model 
displays geometric, kinematic and dynamic similarity with a prototype, it is said that the model 
is physically similar to the prototype. (11) 
As stated in Sharp's definition, to determine whether a model has physical similarity 
with a prototype or not, recquires the use of scaling laws. The scaling laws are int.roduced by 
the use of certain key similarity parameters. The similarity parameters, also called dirnensionless 
groups, are the result of years of experimentation and study. (1.) Simply put, a similarity 
parameter in hydraulic modelling is the ratio of two types of forces. As a consequence of being 
the ratio of two forces, it is of course, dimensionless. Other similarity parameters that are not 
the ratio of two forces exist, but these are most frequently used in heat transfer and 
thermodynamics. A brief discussion of two similarity parameters used 111 this study, the 
Reynolds number and the Froude number follows. 
The Reynolds number is the ratio of inertial forces to viscous forces and narned after 
Osbourne Reynolds, the scientist credited with identifying it. (11) From the defintion of a 
15 
Newtonian fluid, the shearing stress, r, of a fluid is proportionate to the rate of deformation d1u . cy 
T = µ (du) . (12) 
. dy 
with µ being the shear coefcient of viscosity. As a result, the viscous force, F vise , can be 
written as; 
The inertial force, _Fin' can be written as; 
As a result the Reynolds number is 
pv2L2 pvL 
Re= µvL = µ (15) 
If, for example, a model and prototype have equal values for the Reynold's number at a 
geometrically similar location, then the ratio of inertial to viscous forces is the same for the 
model and prototype. For model studies involving signifigant boudary layer effects, studying 
the aerodynamic drag on an airframe, Reynolds number similarity is a must. 
Reynolds number similarity takes into account viscous effects, but to account. for free 
surface effects, as in an intake, the Froude number is used. Discovered by Williarn Froude, a 
British naval architect, the Froude number is the square root of the ratio between inertial and 
' 
gravitational forces. (1) The gravitational force, F grav, is represented as 
F grav=pg13 (16) 
Consequently the Froude mrfuber, Fr, 1s 
Pv212 Fr= - v (17) 
pg13 - fgL 
For a free surface flow in an intake, the equivalence of Froude number between model 
16 
and prototype is of paramount importance. 
By preserving the crucial similarity parameters between model and-prototype, the ratios 
,. 
of velocities, densities and other fluid characteristics are preserved as well. For example consider 
the modeling of the Unit #5 intake. A l4 geometric scale was used. Therefore it can be 
written that S= l4 = ~m, with S being the scale factor, Lm a representative length in the model p 
and LP a representative length in the prototype. A free surface flow recqmres the Froude 
number for model and prototype to be equivalent; 
( 18) 
V 
It is easily seen that the velocity ratio, vm, is equivalent to; 
p 
:m=· ~='1§ (19) 
p ~LP 
1 Vm 
with S=24 , vp =0.204. Hence, if a velocity of 1 fps exits in the prototype, the velocity at. the 
geometrically similar point in the model must be approximately 0.2 fps to satisfy the Froude 
criterion. 
In hydraulic modeling, it 1s often required to examme the effects of many different. 
forces, instead of just the two displayed in a similarity paramenter. In the case under 
consideration, Froude number effects are dominant, but Reynolds number effects could prove 
signifigant. Can both Froude and Reynolds numbers be matched? The criteria for Froude 
number similarity is displayed in Eq. 19, examining Reynolds number similarity, 
17 
It is impractical, if not impossible, to use a fluid that satisfies the condition in Eq. 21. 
It can then be concluded, that in the present case, matching Froucle and Reynolds numbers is 
unattainable. This condition is termed incomplete similarity. 
Fortunately, incomplete similarity does not necessesarily mean the encl of model studies. 
Experience has shown that incomplete similarity 1s a surmountable problem in hyclraullic 
modelling. In streamlining studies, tests are run up to 1.5 times the prototypical Froude 
number to accentuate higher speed and Reynolds number effects. rn_) Another way to account. 
for the Reynolds number effecsts, is to run tests using a constant velocity criterion. ln t.his way, 
the model is still operating with a condition of incomplete similarity, but reliable results are 
obtained. 
In summation, it has been show how dimensional analysis and the concept of physical 
similarity lead to successful hydraulic studies. Dimensional analysis leads to the cletenninat.io11 
of the variables that effect a given phenomena. Physical similarity between rnoclel and 
prototype leads to results in the model being applicable to the prototype. 
2.4 Previous Work 
Streamlining of intakes has been the subject of intense research in the past. 
Streamlining has become an effective means of controlling vortex action, pressure fluct.uations 
and flow circulation. There is a large body of literature covering the hydraulic studies of int.ake 
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structures. With the advent of tremendous maintenance and operational problems associated 
with bio-fouling, streamlining holds the pro·mise of controlling these problems as well. Results 
of some recent streamlining tests are presented here. 
In 1983, Ronald R. Copeland of the U.S. Army Engineer Waterway Experiment 
Station investigated the sump for the Pointe Coupee pumping station. ( 14) Purnping stations 
serve as flood control structures, and function much like a power plant intake. Pumping 
stations are quite prominent on the Missisippi delta. In fact much of the material being 
surveyed here, is the result of research on pumping stations. 
In this case, a model of the pumping station was constructed to an undistorted linear 
scale of 18\5' The model was made of clear plastic for flow visulaization and the purnps were 
modeled with siphons. (see Fig 6) The modelling study had two primary objectives; 
1) to provide an assesment of sump perfomance for a variety of operating conditions 
2) to develop practical modifications that would improve performance of the pumping st.at.ion 
It is this second objective that is of primary importance here. 
A variety of approach channels were investigated. These studies included rnoving t,lil' 
pump bell relative to the sidewalls of the intake and changing the submergence of the pump. 
These studies were of practical importance because the pumping station had not yet, been 
constructed, and were helpful in establishing an optimum design. However, they are of little use 
to an intake that has already been built. Consequently, the result.s of these tests will not lw 
discussed. Fortu~ately, there are many results of this investigation. as a whole, that. are 
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applicable to Unit No. 5. 
The firs£ signifigant modification to the proposed intake involved converging. sidewalls. 
(see Fig. 7) Converging sidewalls reduce circulation behind the pump by directing the flow into 
the suction bell, and occupying an area that would otherwise be stagnant. Also, severe air 
entraining vortices were eliminated and swirl was also signifigantly reduced.· (Swirl is the 
rotational component of the water velocity.) Despite these improvements, some problems 
remained. Pressure fluctuations in the pump bell were unacceptably high and some sidewall 
vortices were seen where the pump bell was closest to the sidewall. It was concluded that 
converging sidewalls could improve hydraullic conditions in the sump, provided the sidewalls 
were not too close to the pump bell. 
Another method used to distribute the flow evenly is to increase the surface roughness of 
the walls. (Fig. 8) This was done by adding waffle boards on the backwall and sidewalls. This 
modification resulted m only surface dimples being observed and pressure fluctuations were 
within an acceptable range. It should be noted that, despite their effectiveness, these waffle 
boards were never installed. It was decided that they would be too difficult to construct and 
maintain. 
Horizontal vortex suppressor beams were also tested. (see Fig. 9) Vortex suppressor 
beams work by generating surface turbulence that helps to elimiiiate or attenuate vortex action. 
Tests showed that any horizontal beam upstream of the suction bell and submerged to a dept.h 
of 1 ft. in the water, would eliminate vortex activity. However, as the water level rose over l,hl' 
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beam, the vortices would return. A solid horizontal beam extending through cill water levels 
caused excessively high pressure fluctuations. Eventually, after much testing, it was found that 
four 1 ft beams space 1 ft. apart was the most effective c::onfiguration. (Fig. 10) 
The last major modification to the sump was to increase the diameter of the puinp bell 
by adding an umbrella. (Fig. 11) What had been severe air entraining vortices were now only 
surface dimples. Pressure fluctuations and swirl were also reduced. The addition of urnbrellas 
represented the single most impressive modification to the intake. 
As a result of their tests, the Corps of Engineers made several recommendations. 
Included m the design was a 20. 75 ft. diameter umbrella attatched to the 10.5 ft.. diameter 
suction bell. The side walls converged at an angle of 5.14° from a point that was ! the 
umbrella's dimater (10.375 ft) upstream of the umbrella itself. Lastly a series of four horizontal 
vortex supressor beams were installed. These modifications resulted in the best hydraulic 
performance of the intake. 
Another U.S. Army Engineer Waterways Experiment Station investigation was done by 
Bobby P. Fletcher on the Pond Creek pumping station in Jefferson County, Kentucky. ( 15) 
The experiments were clone in a 2
1
0 scale model of the pumping station. The tests were rnn t.o 
deter!lline;· among other things, modifications to an existing intake that would 1mpro.ve 
hydraulic performance for a variety of conditions. 
The experiments tested the efficacy of the installation of a false backwall. Often, pumps 
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operate b~tter when their· suction bells are near the back walls and sidewalls·. It was for this 
reason that an umbrella was installed at the Pointe Coupee pumping station. At the Jefferson 
County pumping station, the false backwall left a gap of 0.25 ft. between itself and the suction 
bell. (Fig. 12) The false backwall resulted in improved hydraullic condit,ions in the intake, buL 
an unacceptable level of vorticity remained near the pump column. To combat the vortex 
action, a variety of vortex supressors were tested. A three foot high vortex supreessor, shown in 
in Figure 13, was determined to be the most effective. 
In short, vortex suppressors were once agam found to, be an effective method of 
improving hydraulic conditions in the sump. Also, movmg the pump bell closer to the 
backwalls and sidewalls was again found to be effective. Although, m the Jefferson County 
pumping station a false wall, not an umbrella was used. 
In 1989, Tatsuaki Nakato of the Iowa Institute of Hydraullic Research, did a rnodel t.esl 
on the intake structure of a nuclear power plant in Mexico. (.8.) The existing intake had severe 
problems with pump vibration and intermittent flow surging near the pump columns. As a 
result of these problems , some severe maintenance problems developed, including excessive wear 
of rubber bearings, shaft sleaves and impeller wear rings. Consequently, a model test was begun 
to determine the most cost effective way to modify the intake and to elimiante t.he hydraulic 
instability. 
The investigator first tried to improve flow distribution by using turning vanes. By 
themselves, the vanes did not do enough to redistribute the flow. Because of this, a flow 
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reduction scheme combined with turning vanes was developed. Nakato has found that by 
increasing head losses through perforated plates, the flow tends to distribute itself more evenly. 
The introduction of both the vanes and the perforated plates was succesful. 
As in the other model tests, a vortex problem remained. Also, as in the other tests, 
se-yeral vortex splitters were tested. The geornetry and location of these splitters are shown in 
Figure 14. Despite the splitters, some .weak sidewall vortices remained. These vortices were 
eliminated by using fillets for both the sidewalls and backwalls. The success of these 
modifications can be seen by contrasting the as built intake flow (Fig. 15) and the rnodified 
intake flow (Fig. 16). 
In spite of the apparent success of the tests, the researchers were istructed to investigate 
the feasibility of using a suction scoop. Suction scoops continuously accelerate the flow towards 
the pump bell. Since the inlet to the scoop is loca.ted in front of the bell, the effects d1Le t.o the 
sump backwalls and sidewalls is non-existent. Also, free surface vortices are virtually elirninated 
with a scution scoop. The suction scoop that was tested is shown in Figure 17. Even with 
extensive changes to the proposed scoop, tests showed that it never worked nearly as well as the 
vanes, perforated plates, vortex splitters and fillets. 
Another study by Nakato produced similar results. rn_) The study was done for the 
·\ 
Florida Power Corporations Crystal River project. As with the Lagune Verde project in Mexico, 
Nakata found that redistributing the flow evenly through out the intake was desirable, although 
in this case a· set of vertical baffling blocks was used, rather than guide vanes. He also found 
23 
that vortex splitters combined with sidewall and backwall fillets were effective in controlling 
\ 
vortices. It should be noted that in both cases Nakato proposed a horizontal grating over the 
pump bell to eliminate air entraining vortices. In regards to the research at hand, the horizontal 
grating was rejected as being too costly. -., 
I 
Another recent Army Corps of Engineers experiment, (17) has confirmed much of what 
has been discussed here. It showed the importance of uniform flow distribution in the intake. 
Whether this is accomplished by guide vanes or baffle blocks is immaterial, approach flow must 
be as uniform as possible. The report also confirmed the efficacy of vortex suppressors and. 
fillets in controlling vortices. As a result, control vanes, vortex suprressors aud lillet.s will be 
the focus of this investigation as well. In addition, converging sidewalls and false backwalls will 
also be investigated. 
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Chapter~ 
Experimental Facility 
3.1 Description of the Facility 
The open channel test loop was designed and built to study the flow conditions in the 
Unit No 5 intake structure. This facility is locat.ed in Building H of Lehigh University's 
Mountain Top campus. The design and construction of the open channel test loop, combined 
with the instrumentation and scale model of the intake, represented a substantial investment of 
time and effort. Plan and side elevation views of the facility are shown in Figures 18 and 19. 
The facility consists of a test section with a transparent scale model of the intake, and is 
designed to deliver a constant flow to the test section through the use of a constant head tank. 
The head tank 1s elevated 14.5 feet off the ground, and is designed to maintain a 
constant water level of three feet. The net effect is a static head of 17.5 feet. A constant. 
water depth, or head, is maintained by incorporating a weir. The side elevation and top views 
of the head tank reveal the details of the weir design. (Figures 20 and 21) As water circulates 
from the pump to the head tank via the return line, water fills the tank up to the height of the 
weir, provided that the supply line was closed. Any additional water would then spill over the 
weir and enter the tailbox through the overflow line. At this point, the supply line would be 
slowly opened and water would begin flowing into the head box. 
The head tank has two other important features, a perforated plate and a breathing 
mechanism. (Figures 20 and 21) The perforated plate distributes the flow evenly through out 
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the head tank, and helps to prevent vibrations in the tank. The breathing mechanism is nothing 
more than a small tube that extends from the top of the tank. In this way, the tank is open t.o 
the atmosphere and can function as a true head tank, as opposed to a pressure vessel. 
In addition to the supply and overflow lines, the head tank is also connected to a 
supply line, all of which are 6" PVC pipe. The supply line was fonfigurecl around a design flow 
of 1000 gpm. Given the flow rate, solving for a pipe diameter is an iterative solution, because 
both the major losses (clue to the wall friction) and minor losses (due to flow through elbows 
and valves) are functions of velocity. In turn, for a given flow, velocity is a function of t.he size 
of the pipe. Six inch diameter pipe was selected to deliver a maximum flow of 1000 gpm to the 
test section, while maintaining reasonable volocities in the piping. 
The flow rate through the six inch supply line was measured using an orifice plate. The 
orifice plate was manufactured according to ASME specifications (/3=0.7478, 1D=6.065" 
Bore=4.535) by the Vortab Corporation. The orifice plate was connected to a U-tube 
manometer, which measured the differential pressure across the orifice. The differential 
pressure was related to the flow rate through the following two equations; 
_.., 
{32 QG (23) 
43.1702 D2KF a~Pfl .6.p 
These two equations provide an iterative solution to find the Lip across the orifice plate for a 
given flow rate, qv· Results of these calculations are shown if Figure 22 and Appendix B. With 
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the curve shown in Figure 22, diffferential pressure readings across the orifice plate, that are 
measured in the manometer, can recorded as flow rates to the head box and test section. 
Before entering the head box, the water passes through two valves, a globe type flow 
control valve and a butterfly valve. (Figures 18 an4_ 19) The globe valve is used as a throttling 
or flow control valve. By opening or closing the globe valve, the flow rate to the headbox is 
controlled. The butterfly valve can also function as a throttling valve, in addition to being used 
for on-off regulation. As a throttling valve, the butterfly valve acts as a course flow rate 
controller, while the globe valve provides fine flow control. In combination, the globe and 
butterfly valves,. accurately control flow into the head box over a wide range of flow rates. 
The head box evenly distributes the flow to the test section. This is accomplished by 
using a perforated distributor pipe and a sidewall with a 1 foot radius of curvature. ( Figures 2:1 
and 24) The perforated pipe acts in the same way as the perforated plate in the head tank. In 
both cases, as the water passes through the perforations, it is distributed evenly through out the 
tank. In contrast, a distributor pipe with out perforations, would cause large disturbances in the 
head box. These disturbances would then mainfest themselves~ in the test section, making 
J 
measurements in the model difficult. The curved sidewall prevents flow from seperating when 
passing into the test section. 
The facility is designed for modeling of power plant intakes on both lakes and rivers. 
Although the Astoria Generating Station is located on the East River, the flow pattern closely 
I 
resembles a lake-type situation, which was modeled the following way. A four foot wide plate 
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wru: placed across the entranlto the test ·section. (Figure 18) This plate forces the flow through 
a one foot wide section of the test section. Perpendicular to this plate, a 6 foot long perforated 
plate was installed to distribute the flow evenly to the model. 
The water depth in the test section is controlled by a moveable gate. (Figures 18 and 
19) The gate is connected to steel cables, which in turn are connected to a crank. As the crank 
is turned and the gate is raised and lowered, the water level adjusts itself accordingly. In this 
way it is easy to keep a constant depth in the test section. This is crucial when running tests 011 
a particular prototype water depth, because prototype water depths varies from the extremely 
low water (20.5 ft) to moderate high water (31.3 ft). 
The test section is connected to the 2
1
4 scale transparent model. The model is an exact. 
scale replica of the Unit #5 intake. (Figure 25 ) The trash racks and travelling screens in the 
prototype are being modeled with screens. The two circulating water pumps are being 
modeled with siphons. A siphon is an inexpensive and effective way to model pumps, but. 
priming can be a problem. We used an aerator to prime the siphons. 
An aerator is a small jet pump that is attatched to a water supply. The water 
accelerates through the nozzle and creates a region of low pressure. This low pressure region is 
used to evacuate air from the siphon lines. Figure 26 displays the priming system. 
Like the rest of the model, care had to be taken with constructing the siphons to insure 
1} 
geometric similarity with the prototype. Blueprints of the pump bell (Figure 27) were used to 
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construct machine shop drawings of the siphon bell. (Figure 28) The machine shop drawings 
were then used to machine the bells out of a solid ro? of clear plastic on a numerically controlled 
lathe. Figure 30 shows the detail of the siphon bell connected to the 4" PVC line. 
The 4" line for the siphons was chosen similarly to the way the 6" line was chosen for 
the rest of the system. The desired flow rate through the siphons and the static heacf were both 
known. As before, an iterative solution was recquired to find the proper pipe diameter. To 
measure the flow through the siphons, another orifice plate is used. The orifice plate cmve 
(Figure 29) was determined the same way the curve for the 6" orifice was. Equations 22 aHd 
23, were iterated until convergence for a Lip. (see Appendix B) A U-tube manometer is used 
to measure the pressure drop across the orifice. 
Flow through the siphons is regulated by using Nibco diaphragm valves. Fortunately, 
the diaphragm valve could be entirely closed, and the siphon would not lose its prime. In this 
way, adjustments could be made to the model or valves, with out the worry of having to prime 
the siphons again. The two siphon lines connect together at a tee and terminate at the suction 
side of the pump. (Figure 18) This design accomplished almost self-priming of tll'e siphons. 
The tail box, shown in Figures 30 and 31, functions as a sump for the pump. Srnoot.h 
operation of the pump requires a depth of about 2 feet in the tail box. For the rnode of 
operation which was used in this study, most of the water came from the overflow line of the 
head tank, and only a small flow came over the adjustable gate. This mode of operation was 
employed to prevent recirculation in the test section. It is accomplished by throttling the flow 
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control valve on the 6" supply line to match the fl.ow through the siphons with some overflow 
over the gate . In this way, the water that enters the test section will discharge out through the 
siphons. The tailbox connects to the suction side of the pump via a 8" suction line. 
The circulating pump for the flow loop is an Ingersoll-Rand SB 6x9 centrifugal pump. 
The pump's suction line is 8 .inches in diameter, and the pressure sicle is 6 inches in diameter. 
The pump is designed to discharge 1000 gpm at a static head of 40 feet, for a power rating of 10 
hp. The pump curve is shown in Figure 32. Accounting for the major and minor losses in the 
return line, the pump actually works against a head of about 35 feet, and not the heigh L of the 
head tank (17 .5 ft). 
The discharge from the pump to the head tank is throttled with a butterfly valve. The 
butterfly valve at the pump, in combination with the butterfly and flow control valves on the 
supply line provide a high degree of flow control. The pump is also fitted with a 6" check 
valve to protect from backflow. A check valve is a one-way valve, that prevents flow frorn 
returning to the pump through the discharge line. 
3.2 Instrumentaition 
The streamlining tests required a series of measurements. In addition to the velocity 
measurements, quantitative measurements of swirl (flow rotation) and pressure fluct.uat.io11s 
were taken as well. Qualitative measurements of the gross flow characteristics were obtained 
with a dye injection system. By injecting dye, areas of stagnation and vortex activity could be 
identified. Vortices were also identified visually, and classified in one of five stages according to 
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Figure 33. 
Velocity measurements were made with a micro-current probe. The probe emits, a 
beam of light that is detected by an optical sensor. The probe is also fitted with a scoop that 
turns a disc. Periodically this revolving disc reflects . the light away from the sensor. The 
number of times the sesor counts the light getting past the disc can be correlated to a water 
velocity. 
The probe was positioned with two Velmex positioners. The two positioners were 
mounted perpendicular to each other as shown in Figure 34. In this way the rnicro-curren L 
probe could be paced anywhere m the xz plane with an accuracy of l~O square inch. 
Measurements of swirl and pressure fluctuations was accomplished with a vortimeter. A 
vortimeter is a freewheeling zero pitch propeller, which is placed inside the pump bell. (Figure 
35) Swirl and pressure fluctuations could be correlated to the number of rotations of the 
' propeller blades. The number of revolutions were recorded for the as built condition, and any 
subsequent modification to the intake that increased these revolutions, was considered 
unacceptable. 
As stated in References 14 and 15 , two instruments can be used to mesure swirl and 
pressure flubtuations. A vortimeter can be used to measure swirl and a pressure transducer 
pressure fluctuations. (14) More recent tests have shown that the pressure transducer 
measurement is redundant. (16) The vortimeter can be used to accurately measure swirl and 
pressure fluctuations. 
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The gross flow characteristics were identified with a dye injection system. Dye injection 
allows individual streamlines to be identified and recorded. In this way submerged vortices and 
dead spots can be identified. The dye injection system was a collection of brass tubing that 
t l d d t 1 . . d' e escope own o 32 m. m 1ameter. The dye was injected by a syringe, which was 
connected to the brass tubing with tygon tubing. Like the micro-current probe, the dye 
injection system was fastened to the xz traversing mechanism. (Figure 36) The results from 
the dye injection tests were docJmentecl with photographs and videotapes. 
3.3 Calibration of the Model 
Once the system was constructed, it had to be calibrated. Calibration recquirecl 
imposing the velocity profiles from the prototype onto the scale model. The Fro~de criterion 
V 
recquires that the relationship between model and prototype velocities be Jn='1S. Only if t.he p 
velocity profiles between model and prototype match the Froude criterion will model results be 
apllicable to the prototype. 
Velocity profiles at the Astoria plant were obtained with a Gurley-Price currenL !lleLer, 
model 667E. The first set of measurements were used to determine the effect of tide. 
Suprisingly, it was determined that the tidal condition had only a minimal impact on the flow 
through the intake. The data, shown in Figures 37-41, displays this phnemonenon. This 
result was really unexpected, afterall, this part of the East River is known to sailors as Hell's 
Gate because of the strong currents. Apparently, the wharf in front of the in take, act.s as a flow 
conditioner, where the columns that support the wharf "decouple" the intake from the flow in 
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the East River. .· 
The fact that the river condition had little or no impact on the intake, made modelling 
the intake easier. It was no longer necessesary to model the river, which is an extremely arduous 
task .. Instead of drawing in water from a prefered direction, as an intake on a river would 
normally do, the intake evenly drew in water from all radial positions. Drawing in water from 
all radial directions is characteristic of a lake. The lake model, therefore, was used in the 
hydraulic tests. (Figure 42) 
After establishing the fact that tide has a minmal effect on flow conditions in the 
intake, additional velocity measurements were performed to determine the details of the vcloci t.y 
profile at the inlet to the power plant intake. (Figure 43) Measurements showed that. water 
velocity increased· near the bottom. The reason for this turned out to be the installation of 
bulkhead gates atJhe intake. The bulkhead gates were installed to help control the amount of 
silt entering the intake. Consequently, there is a mound of mud immediately in front. of the 
intake, which accelerates the flow near the bottom. The· sudden expansion in flow area aft.er 
the bulkhead gate is expected to cause vortex shedding in the intake. (Figure 44) The vortex 
shedding effect of the bulkhead gate was also observed in the model. Velocity profiles at the 
inlet to the model without the bulkhead gate and gravel (which is used to simulate the 
accumulation of mud) were not at all similar to those in the prototype. Installation of a 
bulkhead gate and gravel produced much better results. Velocity profiles measured in t.lw 
model became much more similar to those at Astoria. (Figure 45) 
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Coupled with, kinematic similarity, the Froude criterion also demands flow rate 
similarity. The flow rate, Q, is related to the velocity, v, and the scale factor, S, as; 
Q ex vS2 
Each pump in the prototype is rated at 107,000 gpm and 17.5 feet of head. Flow measurements 
at Astoria showed only about 60,000 gpm per pump. The reason for this, is the flat profile of 
the head capacity curve (Figure 1), and a small increase in head, due to a dirty condenser and 
other higher flow resistances through-out the intake, leads to a significant reduction in flow. 
The model was therefore calibrated with the measured flow rates, and not the design flows of 
the pump. Using the scale factor of l4, the model flow through the siphons is SJ.5 (60,000) or 
about 20 gpm. Some tests were done using a constant velocity criterion. In this case the flow 
through the siphons is -\-(60,000) or about 100 gpm. This calibration procedure insured Lhat. 
s 
our gemetricaly simlilar model also satisfied a certain degree of dynamic similarity. In this 
way, model test results could be applied to the prototype. 
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Chapter .1 
Results of Streamlining Studies 
( The purpose of the streamlining studies is to determine any changes in the intake 
structure that will produce a more uniform flow than that which currently exists. 
Consequently, any stagnation points in the intake will have to be identified and eliminated. 
These changes to the intake structure must not increase the swirl, vorticity, or the pressure 
fluctuations beneath the pump bell. 
Usually streamlining tests are conducted at a constant Froude number to take into 
account free surface effects. In addition to modeling free surface effects, vorticity, a viscous 
effect was modeled. As a result, constant velocity tests were also used. A constant velocity 
test is a conservative test in accounting for voticity. Conservative in the sense that results 
from these tests might indicate a problem with voticies, where in actuality, no such problem 
exists. In this way, any proposed changes to the intake would not result in increasing the 
vorticity of the intake. 
Tests were conducted at two model depths, 13" and 10", which correspond to 
prototype depths of 26' and 20 ' respectively. Measurements at the power plant showed these 
two depths to be representative of nominal operating conditions. Additional measurements at, 
the plant showed approximately 60,000 gpm flowing through the intake, although the 
circulating water pumps are rated at 107,000 gpm. As a result, prototype flows of 60,000 gpm, 
80,000 gpm and 100,000 gpm were modeled. 
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Two modifications to the. intake were investigated, a false back wall behind the pump 
bell (Figure 46) and a ramp just downstream of the bulkhead gate (Figure 47). Each of these 
structures occupies an area that would otherwise be stagnant. The effect of these structures 
was noted with dye injection. 
4.1 Results of Vortimeter Tests 
The number of revolutions per minute of the vortimeter is a measure of both pressure 
fluctuations and swirl. The higher the revolutions per minute, the greater the pressure 
fluctuations and swirl. Tests showed that installation of the false backwall and the 
streamlining ramp did not increase either pressure fluctuations or swirl. (For results of the 
votimeter tests, see Appendix C) 
4.2 Results of False Backwall Tests 
The stagnant area behind the pump bell was removed by installing a false backwall. 
(Fig. 46) Installation of the false backwall produced a highly streamlined flow behind the 
pump bell. The as built condition, (Fig. 48), shows a large accumulation of dye behind the 
pump bell, indicating that the dye has stagnated there. Contrast this figure with the 
installation of the false backwall in Figure 49. Note how little dye is visible, indicating that 
the dye moved quickly out of the sump. Unfortunately, installation of the false backwall 
resulted in increased votex activity for high model flow at low pump submergence. 
4.3 Results of Streamlining Ramp Tests 
A bulkhead gate was installed at the inlet to the Unit No. 5 intake to prevent mud 
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from entering the intake. The bulkhead gate does keep mud out of the intake but produces a 
large dead spot immmediately downstream of it. To rectify this, without allowing mud .to 
enter the intake, the streamlining ramp was installed. (Fig. 47) The as built flow condition is 
displayed in Figure 50, which shows how the dye stagnates in the area between the bulkhead 
gate and the bottome of the intake. Installation of the streamlining ramp resulted in a much 
smoother flow, (Fig. 51) without increasing vorticity. 
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Chapter .Q. 
On-Site Chlorine Minimization Study 
5.1 Background Information 
The sidestream tests were used to determine the minimum amount of chorine necessesary to 
control fouling. The test facilty designed and built by Lehigh University for the Consolidated Edison 
Company of N.Y., is located at the Astroria Generating Station. The tests are in progress and. will' be 
completed by the end of 1991. The facility and instrumentation is discussed in some detail in this 
section of the thesis. Plan and side elevation views of the facility are shown in Figures 52 and 53. 
5.2 Description of the Side-Stream Monitoring Facility 
River water is discharged into the cylindrical tank from two P2000HC 9 hp subrnersible scan 
pumps. The pumps are placed in front of the Unit #5 intake, and anchored approximately 5 feet off 
the river bottom. The pumps discharge to the cylindrical tank through a 3" flexible hose. The 
capacity of each pump is 250 gpm at 60 feet of head. Throttling valves are used to regulaLe the flow 
rate of water to the tank. 
The cylindrical tank contains three 3" overflow ports, two 3" inlet ports and six 4" discharge 
ports. Overflow ports are installed to maintain a constant head in the tank. As long as a constant. 
head is maintained in the tank, a constant flow rate is discharghed from the tank. The inlet ports are 
threaded and fitted with 90° elbows. The elbows introduce swirl to the water in the tank, which help:; 
to distribute the flow evenly to the six discharge ports and to prevent fouling in the tank. 
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The discharge ports are connected to· a 4" pvc line which are fitted with a chlorine injection 
system (Figure 54) and a flow control valve. Chlorine is pumped from the chlorine storage Lank a11d 
injected into the 4" line by a Cole-Parmer metering pump. The pump and its controller are placed 
under the elevated tank for protection against the elements. 
The water and chlorine are mixed with a static mixer. The static mixer manufactured of t.ype 
304 stainless steel, produces a highly turbulent flow, which enhances mixing between the water and 
chlorine streams. The combined flow of these two streams is controlled with a diaphragm valve. The 
flow control valve facilitates an accurate control of the flow rate of water, while chlorine feed is 
controlled by varying the speed of the pump, and adjusting the valves in the chlorine feed lines. 
After passing through another 90° elbow, the stream is discharged in to the test troughs. 
(Figures 55 and 56) Each of the six dual channel troughs is 17 feet long, which allows enough residence 
time for the mussels to settle. Flow velocity in the troughs is chosen in such a way to match the wall 
shearing stress in the prototype. In this way, the mussels have a similar opportunity to attat.ch to the 
I • 
walls as they do in the intake. , M~~l_lring this attatchment, or fouling, is facilitated with the 
removable concrete inserts. The inserts are examined after each testing period to determine the 
amount of biological material that attatched. (with the amount of fouling determined, it is possible to 
determine the minimum amount of chlorine necessesary to control this fouling. 
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Chapter ft 
Staged Bou~dary Layer Injection 
6.1 Background Information 
The staged boundary layer chlorine injection scheme represents a potential breakthrough 
in controlling macrobiofoulants. Instead of mixing chlorine with the entire volume of water in 
the intake, where much of it is consumed in naturally occuring reactions, chlorine is injected into 
the boundary layer that forms over the intake walls. Because the chlorine is only mixed into 
the boundary layer, and not the entire volume of water, the applied chlorine close is small. 
Since the applied dose is small, maintaining an environmentally acceptable chlorine residual at. 
the compliance point is easily accomplished. 
6.2 Description of Test Facilities and Procedures 
The staged boundary layer injection experiments were run on a small water table in 
Packard Laboratory, Lehigh University. As water passed over a flat plate, a food coloring dye 
was injected, and the concentration of this dye was measured at distances along the plate. This 
was accomplished by taking samples at a number of axial locations downstream from the 
injection points. Tests were conducted on both one and two point injection systems. A Bausch 
and Lomb Spectronic 70 Photospectrometer was used to measure concentration of dye in the 
~ 
r' 
water. 
A photo spectrometer measures absorbance, the amount of light that is kepi, from 
passing through a medium. Fortunately, the absorbance is linearly related to the 
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concentration. In this way, the absorbance can be measured for a known concentration, and all 
subsequent absorbance measurements can be converted to a concentration. In our 
measurements, the injected dye was given a concentration of 1.0, and all other concentration 
measurements were measured as a percentage of the injected dye concentration. 
The concentration samples were collected with the apparatus in Figure 57. Dye was 
injected through a syringe into four l2 in diameter brass tubes. Four tubes were used to ensure 
a smooth flow of dye over the plate. To collect the concentration sample, a large syringe was 
used to fill the tubing with water and dye. At this point, a small syringe ( 10 cc) could collect. 
the sample. Samples were collected isokineticaly, at the static pressure of the sample, t.o yield 
the highest accuracy. Isokinetic sampling requires withdrawing the dye at the same rate that. 
the dye passes over the plate. The sample withdrawn would yield the most representative value 
of the concentration. 
6.3 Results 
One Point Iniection 
Thedata for the one point injection system shows a rapid decrease in concentration as a 
function of distance down the plate. The 95% confidence interval was determined by using t.he 
standard deviation of the mean and a two tailed student t table. Assuming a normal 
distribution 'Of data points, the actual value of concentration has a 95% chance of belonging Lo 
the given interval. A t table is used, rather than the standard deviation, because of the 
relatively small number of data points. ("' 15) A curve of the graph is shown in Figure 58. 
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Concentration Measurements 
X Concentration 95% Confidence 
(in.) (%) Interval 
3 24.4 20.7 ~ /l ~ 28.1 
6 17.6 13.5 ~ /l ~ 21.7 
10 11.4 8.7 ~ /l ~ 14.J 
14 6.8 4.1 ~ Jt ~ 9.5 
16 7.7 4.5 ~ µ ~ 10.8 
Two Point Injection System 
A similar decline in concentration was observed in the two point injection scheme for 
x ~ 10. Immmediately after the 10 inch mark, a second stream of dye was inject.eel. This 
second stream resulted in a small increase in dye concentration. A graphical representation of 
the data is shown in Figure 59. It should be noted that the two point injection measurements 
are a function of flow rate and distance. The flow rate dependence was determined to be very 
weak, consequently, the plot is a function of distance only. 
Concentration Measurements 
X Cone.en tration 95% Confidence 
(in) (%) Interval 
3 17.1 15.2 ~ Jl ~ 19.0 
6 16.9 14.2 ~ p ~ 19.6 
10 10.2 8.04 ~ p ~ 12.:36 
14 13.4 11.0 ~ Jl ~ 15.08 
16 9.2 7.8 ~ Jt ~ 10.7 
18 7.8 6.3 ~ p ~ 9.34 
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Chapter 1. 
Conclusions and Recommendations of Tests 
7.1 False Backwall 
The false backwall eliminated a large stagnant area behind the pump bell. The 
backwall did not mcrease pressure fluctuations or swirl, but did mcrease vorticity. The 
increase in vorticity was slight, and only occur'ed during the constant velocity tests for a model 
depth of 10 inches. 
The constant velocity criterion is an extremely demanding one when determining 
vortex activity. Because of this, additional tests, at a lower flow, should be cornpleted(to 
determine a more complete picture of vorticity with the false backwall installed. In addition, 
horizontal vortex suppressor beams should be tested. These beams could serve to attenuat.e 
the increase in vorticity clue to the installation of the false backwall. 
7.2 Streamlining Ramp 
The streamlining ramp eliminated a stagnant area without increasing pressure 
fluctuations, swirl or voticity. As a result, from a hydraulic standpoint, there is no reason not 
to install these ramps at the intake. The ramp tested would not interfere with the operat.ion of 
the traveling screen and should not lead to any additional mud entering the intake. 
7.3 Staged Boundary Layer Injection 
Results from the staged boundary layer injection tests confirm the validity of the 
staged boundary layer injection concept. Next test should be conducted on the scale model t.o 
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determine how the dye would propagate through the intake structure and where to put the 
chlorine injectors. The chlorine dose for this system will be determined from the sidestream 
chlorine minimization tests. 
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· Appendix A: Examples 
Step by Step Method 
As a second example, consider how the dimensionless groups m Equation 2 were 
formed . 
.A 
Given: the weight flow, W, over a triangular weir with a signifigant approach velooity. 
Find: how the rate of weight flow over the weir depends on relevant variables 
Solution: 
Assume the weight flow depends on; 
W=,(g,p,v,h) A.I 
with g-acceleration due to gravity 
p-fluid density 
v-approach velocity 
h-head over the weir 
Select mass (M), length (L), and time (t) as the fundamental units 
Eliminate mass using density 
Eliminate L using h 
[W]=M} 
T 
[g]=~ 
[p]=~ 
L 
[v]=f 
[h]=L 
[g]==~ 
[v]=~ 
[h]=L 
[w]_1 ph4 -t3 
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(> 
[VJ_l .. h-t 
Eliminate t usi!lg {f) ( t=J); 
[hvg]=~ 
~--.r-W _c;r( V ) 
ph2g2 fgh 
A.2 
Rayleighs Method 
Given; as in Example 1, surface waves in a very deep liquid with negligible surface tension and 
viscous effects 
Find; variables upon which spped of propagation depends 
Solution: 
As befcg-ffl.~celeration fue to gravity 
A-wavelength 
x-amplitude 
C-speed of propagation 
C=GJ(g,.,\,x) A.3 
Rewrite the equation in terms of dimensions; 
[L) l=a+b+c 
[t] -l=-2c · 
3 unknowns with only two equations, solve for 2 variables, in terms of the third 
c=! 
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\ 
Subsistute into equation A..4 
since b is unknown, write as; 
which is equivalent to ,the result obtained in Eq. 5. 
/ 
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Appendix B 
Determination of Orifice Plate Curves 
Equations to be Iterated for Convergence; 
0.25rr~2gcPf1 LipKY l d2 
qv Pb 
/32 QG 
43.1702D2KF a~Pfl Lip 
with 1) Q= Volumetric Flow Rate (gal/hr) 
2) G= Specific Gravity of Flowing Fluid 
3) D2= Pipe I.D (in.2) 
4) Fa= Orifice Thermal Expansion 
5) K = Orifice Coeffcient C/[(1-,84))0.5 (iteration) 
6) Pfl =Square Root of Density 
7) Lip=Differential Pressure (inches of H20) 
8) 43.1702= Units Conversion Constant 
9) ,82=(1)*(2) divided by [4 through 8) 
Six Inch Orifice Plate , 
/3=0. 7478 K=O. 7237 
Q Lip Lip 
(gpm) ( lb/ft2) {in. of H20} 
1000 5.08 140.7 
900 4.11 113.9 
800 3.25 90.0 
700 2.49 69.0 
600 
- 1.83 50.7 
500 1.27 35.2 
400 0.81 22.4 
.• 300 0.46 12.7 
200 0.20 5.5 
100 0.05 1.4 
I 
98 
;,., 
,, 
New Flow Rat~ =Old Flow Rate*(New Lip/Old Lip)0.5 
Four Inch. Orifice Plate · 
fJ=O. 7469 K=O. 7230 
Q Lip t::.p 
(gpm.) (lb/ft2) (in. of H20). 
300 2.36 65.4 
250 1.64 45.4 
200 -- 1.05 29.1 
150 0.59 16.3 
100 0.26 7.2 
50 0.07 1.9 
99 
Appendix C 
Results Qf. Vortimeter Tests 
Depth=13 in. 
As-Built F_low Conditionls 
v=constant modeling 
Flow Vortimeter Reading 
{gpm) (rpm) 
60,000 
80,000 
100,000 
Fr=constant modeling 
Flow 
(gpm) 
60,000 
.80,000 
100,000 
Backwall Plate Installed 
v=constant modeling 
Flow 
(gprn) 
60,000 
80,000 
100,000 
Fr=constant 
Flow 
(gpm) 
60,000 
80,000 
100,000 
1.1 
1.2 
1.6 
Vortimeter Reading 
(rpm) 
"' 0 
"' 0 
"' 0 
Vortirneter Reading 
(rpm) 
"' 0 
"' 0 
"' 0 
Vortirneter Reading 
(rpm} 
"' 0 
"' 0 
"' 0 
Streamlining Ramp Installed 
v=constant modeling 
Flow 
(gpm) 
60,000 
80,000 
100 
Vortirneter: Reading 
(rpm} 
0.6 
0.7 
100,000 0.8 
Fr=constant modeling 
Flow Vortimeter Reading 
(gpm) (rpm) 
. 60,000 '":"' 0 
80,000 "' 0 
100,000 "' 0 
Depth= 10 in. 
As Built Conditions 
v=constant modeling 
Flow Vortimeter Reading 
(gpm) {rpm) 
60,000 0.5 
80,000 5.1 
100,000 20 
Fr=constant modeling 
Flow Vortimeter Reading 
(gpm) (rpm) 
60,000 1.0 
80,000 1.1 
100,000 1.2 
Back Plate Installed 
v=constant modeling 
Flow Vortimeter Reading 
(gpm) {rpm) 
60,000 0.3 
80,000 '1.8 
100,000 16 
Fr=constant modeling 
Flow Vortimeter Reading 
(gpm) (rpm) 
60,000 "' 0 r 
80,000 "' 0 
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.. " ' 
100,000 "' 0 
Streamlining Ramp Installed 
v=constant modeling 
Flow Vortimeter Reading 
(gpm) (rpm) 
\ 
60,000 1 
80,000 7 
100,000 16 
Fr=constant modeling 
l 
Flow Vortimeter Reading 
(gpm) (rpm} 
60,000 "' 0 
80,000 "' 0 
( - 100,000 "' 0 
( 
·J 
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